The free flavin-dependent Fenton reaction was detected in cell-free extracts of Chlorella. The corresponding enzyme was purified to homogeneity, and its N-terminal sequence was highly homologous to those of aldo-keto reductase family enzymes. The purified enzyme displayed aldehyde reductase activity in the presence of NADPH. Additionally, it showed ferric reductase activity and drove the Fenton reaction in the presence of free FAD and NADH.
The Fenton reaction is the reaction in which hydrogen peroxide is univalently reduced through the transfer of an electron in the presence of Fe 2þ to produce the hydroxyl radical in the presence of Fe 2þ as an electron donor. The product is the most toxic agent of the various reactive oxygen species (ROS). In E. coli, the Fenton reaction has been found to take place through the reduction of Fe 3þ by reduced free flavin generated by flavin reductase in a hyper-reductive environment when respiration is blocked in the bacteria. 1) In photosynthetic organisms, excess light energy over utilization capacity leads to the generation of ROS. However, unlike the case of E. coli, little is known about the enzymes that drive the Fenton reaction in organisms. Recently, we purified an enzyme driving the Fenton reaction in the presence of free flavin from Synechocystis sp. PCC6803, a prokaryote capable of photosynthesis categorized as a photosynthetic bacterium, and identified it as the DrgA protein. 2) In this study, we detected Fenton activity in the presence of free flavin in cell-free extracts of Chlorella vulgaris IAM C-27, an eukaryote categorized as green algae. In addition, an enzyme capable of catalyzing free flavin-dependent ferric reduction and of driving the Fenton reaction in the presence of free flavin was purified.
Chlorella vulgaris IAM C-27 was cultured in a 10 liters glass bottle at 25 C under conditions of ordinary light intensity (50-140 mmol photonsÁm À2 Ás À1 ). The cells were disrupted by two passages through a first French pressure cell (SLM-AMINCO) and a passage through a second French pressure cell (Ohtake Seisakusho, Tokyo), and then sonicated for 5 min with a probe-type sonicator (Branson, Danbury, CT). Phenylmethylsulfonyl fluoride solution was added to the suspension (final concentration, 2 mM) twice just before and immediately after passage through the French pressure cell and sonication. After the suspension was centrifuged at 15;000 Â g for 30 min, the supernatant was ultracentrifuged at 186;000 Â g for 2 h. The resulting supernatant was used as cell-free extract.
We examined Fenton activity, as described previously. 2) We detected lower activity with FeCl 3 than with Fe(III)-EDTA in the presence and the absence of free flavin as observed in Synechocystis (Table 1) . A slight potentiation by free FAD was observed in the presence of NADH and Fe(III)-EDTA. This suggests that the apparently increased activity was to be attributed to the amount of free flavin in Chlorella, because a marked potentiation by flavin was seen in Synechocystis cell-free extracts after dialysis. 2) This indicates that Chlorella vulgaris has an enzyme that drives the Fenton reaction by reduction of t-butyl hydroperoxide and requires NADH as electron donor in the presence of free flavin and Fe(III)-EDTA as DrgA protein in Synechocystis. To identify the presumed enzyme driving the Fenton reaction in Chlorella, a fourstep procedure for enzyme purification was employed; (i) cell-free extract preparation, (ii) ammonium sulfate fractionation, (iii) Butyl-Toyopearl, and (iv) DEAE-Sepharose. Enzyme activity was monitored by detecting free flavin-dependent peroxide-reducing activity using t-butyl hydroperoxide as substrate.
The cell-free extracts were prepared from 33 g of wet cells, as described above. Ammonium sulfate was added to the cell-free extract to 1.74 M. The pH of the cell-free extracts was adjusted to 7.0 with 2.8% ammonium solution, and was stirred for 30 min at 4 C. The mixture was centrifuged at 64;000 Â g for 30 min.
The supernatant (112 ml) was subjected to a Butyl Toyopearl (Tosoh, Tokyo) column (3.5 cm Â 22:0 cm) * Junichi Sato and Kouji Takeda contributed equally to this research and are co-first authors.
y To whom correspondence should be addressed. Fax: +81-3-5477-2668; E-mail: niimura@nodai.ac.jp Biosci. Biotechnol. Biochem., 74 (4), [854] [855] [856] [857] 2010 Note equilibrated with a 50 mM sodium phosphate buffer, pH 7.0, containing 1.74 M ammonium sulfate. The column was washed with 5 column volumes of the same buffer. Bound protein was eluted with linear gradients of ammonium sulfate (1.74 M to 1.14 M and 1.14 M to 0 M). The enzyme activity was recovered in fractions between 0.68 M and 0 M as a single peak.
The active fractions were pooled (232 ml) and concentrated to 70 ml by ultrafiltration (cut-off size 10 kDa, Advantec TOYO, Tokyo). The concentrated fraction was mixed with 30 ml of 25 mM Tris-HCl buffer, pH 8.5, containing 15 mM FAD, and was concentrated to 70 ml again. This operation was repeated 20 times.
The supernatant (70 ml) was subjected to a DEAE Sepharose Fast Flow (GE Healthcare, Buckinghamshire) column (3.3 cm Â 23:5 cm) equilibrated with a 25 mM Tris-HCl buffer, pH 8.5, containing 15 mM FAD. The column was washed with 5 column volumes of the same buffer. The enzyme was eluted with linear gradients of NaCl (0 to 50 mM and 50 to 100 mM). The enzyme activity was recovered in fractions between 50 mM and 66.7 mM as a single peak.
The active fractions (190 ml) were pooled and concentrated to 10 ml with an Apollo membrane (cut-off size 9 kDa, Orbital Bioscience, Topsfield, MA). Five ml of 25 mM Tris-HCl buffer, pH 8.5, containing 15 mM FAD was added to this fraction, and it was concentrated to 10 ml again. This operation was repeated 10 times.
The purified protein showed a single protein band of about 40 kDa on sodium dodecyl sulfated-polyacrylamide gel electrophoresis (SDS-PAGE). 3) The molecular mass of the enzyme was estimated to be 50 kDa by gel filtration chromatography (Superdex 200 HR 10/30, GE Healthcare), indicating that the enzyme is a monomeric protein. The overall recovery of activity was 24.0% using NADH as an electron donor in terms of t-butyl hydroperoxide reducing activity.
The purified enzyme from Chlorella was electrotransferred to a polyvinylidene difluoride membrane, and its N-terminal sequence was determined with a protein sequencer (model 492, Applied Biosystems). The N-terminal amino acid sequence was determined to be APLPMRKLGQGFEVSHLGLGLMGMTAFYST. Upon examination of this amino acid sequence by BLAST search, the highest sequence homology (72% identity) was assigned to an aldo-keto reductase (AKR) from Cyanothece sp. PCC7425 among photosynthetic microorganisms.
AKR belongs to a large family of NADPH-dependent enzymes that is known to play significant roles in the reduction of aldehydes to alcohols. [4] [5] [6] We examined the substrate specificity of the enzyme under anaerobic conditions, because the purified enzyme from Chlorella reacted with oxygen in the presence of NADPH as an electron donor. Although the purified enzyme reacted with quinone, flavin, ferricyanide, and cytochrome c in the presence of NADH, the activities were not significantly high ( Table 2 ). In addition, the enzyme activities were measured using aldoses and carbonyl compounds, which are known to be substrates of AKR. We did not detect any enzyme activity when glucose, xylose, or methylglyoxal was used as substrate (data not shown). On the contrary, the enzyme showed aldehyde reductase activity when aldehyde compounds were used as substrates ( Table 2 ). The aldehyde reductase activities with the use of 4-nitrobenzaldehyde and pyridine-2-aldehyde were 0.07 and 0.05 U/mg protein, respectively, in the presence of NADH, and 1.2 and 2.1 U/mg protein, respectively, in the presence of NADPH (Table 2) . These values for aldehyde reductase activity were similar to the values for AKR, 7, 8) indicating that the enzyme belongs to the AKR superfamily. AKR is also known to function in various metabolisms, including steroids and prostaglan- dins, [4] [5] [6] but it is unknown whether AKR is involved in the Fenton reaction.
The purified enzyme showed that NADPH and NADH provided the values of the Fenton activity, 0.26 and 1.26 U/mg protein, respectively, in the presence of free FAD and Fe(III)-EDTA (Table 3) . Thus, unlike the aldhyde reductase activity, as explained above, the Fenton reaction driven by the purified enzyme might be made to take place more easily by using NADH than NADPH as electron donor. DNA is known to be degraded by the hydroxyl radical generated in the Fenton reaction. 9,10) When using NADH as an electron donor, we examined DNA degradation due to the purified enzyme using pBR322 plasmid as substrate in the presence of free FAD, Fe(III)-EDTA, and hydrogen peroxide. The reaction resulted in complete degradation of the DNA (data not shown), indicating that the purified enzyme drove the Fenton reaction.
In addition, the Fenton activity due to the purified enzyme was investigated using various iron compounds as substrates. The Fenton activities for natural and synthetic iron chelate compounds were 0.09-0.34 and 1.26-2.61 U/mg protein, respectively (Table 3 ). This suggests that natural iron chelate compounds are less apt to trigger the Fenton reaction than synthetic iron chelate compounds. When the Fenton reaction takes place, Fe 3þ must be reduced to Fe 2þ . The purified enzyme showed ferric reductase activities not only for synthetic iron chelate compounds (0.21-0.43 U/mg protein) but also for natural iron compounds, including ferric ammonium citrate and transferrin (0.11 and 0.04 U/mg protein, respectively) ( Table 3) , indicating that the purified enzyme is capable of functioning as ferric reductase using NADH as electron donor. There are two types of ferric reductase using NAD(P)H as an electron donor. One is free flavin-dependent (no activity without free flavin), the other is free flavin-independent (the activity without free flavin). [11] [12] [13] [14] [15] It has been found that free flavin-dependent ferric reductase has intrinsic flavin reductase activity. 2, 12, 14) The purified enzyme from Chlorella also showed flavin reductase activity ( Table 2) , and displayed free flavin-dependent ferric reductase activity (Table 3) .
In photosynthetic organisms, intercellular ROS tends to accumulate under high-intensity light and other stresses. Usually, anti-oxidant protection systems exist to counteract it. 16) It is an open question whether the enzymatic reaction is involved in the production of ROS during photosynthesis. We have indicated that Synechocystis DrgA protein functioning as NADH dehydrogenase in the respiration chain drives the Fenton reaction. 2, 17) In this study, we found that aldo-keto reductase purified from Chlorella also drove the Fenton reaction using NADH in the presence of free flavin. In addition, we detected another active fraction driving the Fenton reaction using NADPH as an electron donor in the absence of free flavin during the purification steps (J.S., unpublished result). Therefore, Chlorella might have at least two kinds of enzymes which can catalyze ferric reduction and drive the Fenton reaction using NADH or NADPH as electron donors with or without free flavin. The reduction of Fe 3þ to Fe 2þ is essential in the utilization of iron in all living organisms, 18) even though the Fenton reaction takes place through the reduction of iron. The present findings are perhaps a help to understanding the roles and functions of multiple enzymes catalyzing the ferric reduction and driving the Fenton reaction in the photosynthetic organism, Chlorella. 
